
330 C. KOMAKI, I. ICHISHIMA, K. KURATANi, T. MIYAZAWA, T. SHIMANOUCHI and S. MIZUSHIMA

Internal Rotation in n-Propyl Chloride and Bromide 

By Chizuko KOMAKI, Isao ICHISHIMA, Kenji KURATANI, Tatsuo MIYAZAWA, 

Takehiko SHIMANOUCHI, and San-ichiro MIZUSHIMA 

(Received February 19, 1955)

Introduction 

In a previous paper it was shown by the 
Raman measurement that n-propyl halides 
exist in two forms in the liquid state and 
in only one form in the crystalline state.1) 
The same conclusion was drawn by Brown 
and Sheppard2) from their infrared absorption 
measurement of n-propyl bromide. Goubeau 
and Pajenkamp have reported the energy 
difference between the rotational isomers of 
n-propyl chloride and n-propyl bromide 3). 
However, as the stable molecular forms have

not yet been determined, we have made 
further spectroscopic studies of these sub-
stances. The results will be reported in the 
present paper. 

Vibrational Spectra 

The sample used in the measurement was 
prepared from n-propyl alcohol and phosphorous 
trihalide and purified by distillation under or-
dinary pressure using a column having 30 theore-
tical plates. The materials used were center
fraction boiling over a range of ±0.1℃. Raman

spectra were measured with the spectrograph of 

our own construction4) and the infrared absorp-

tions with the Baird spectrophotometer with the 

NaC1 and KBr prisms. The results are listed in 

Tables I and II. In these tables are also shown

1) S. Mizushima, Y. Morino and S. Nakamura, Sci.
Pap. Inst. Phys. Chem. Res. Tokyo, 37, 205 (1940). 

2) J. K. Brown and N. Sheppard, Disc. Faraday Soc., 
9, 144 (1950). 

3) J. Goubeau and H. Pajenkamp, Arta Physica Aust-
riaca, 3, 283 (1949).

4) S. Mizushima, " Structure of Molecules and Interna 
Rotation," Academic Press, New York (1954).
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TABLE I 

RAMAN AND INFRARED FREQUENCIES OF CH3CH2CH2Cl

1. Frequencies reported in reference 1).

the infrared absorption spectra in the crystalline 
state observed in the frequency range 600 to 800 
cm.-1 with the use of a spectrophotometer of our 
own construction4). 

Rotational Isomers 

As has been shown in many of our pre-

vious papers on internal rotation, the

absence of~ some of the liquid spectral lines 
in the solid state (Tables I acid II) shows 
the presence of rotational isomers in the 
liquid state). In the solid state, however, 
the presence of only one isomer is sufficient 
to account for the number of the observed 
lines.
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TABLE II 

INFRARED FREQUENCIES of CH3CH2CH2Br

We are now interested in determining the 
molecular configurations of the rotational 
isomers. The symmetry considerations can-
not be applied conveniently for this mole-
cule. However, from the nature of the 
hindering potential discussed in a previous 

Papery, the stable configurations of this 
:molecule can be considered to be the trans 
and gauche forms shown in Fig. 1. Accord-

Fig. 1. Stable molecular configurations of 
n-propyl chloride.

ingly the normal vibration calculation of the

skeleton(CH3)・(CH2)・(CH2)・Cl has been made

for the trans and gauche forms according to 
the method described in a previous papers. 
The force constants used in this calculation 
are those which yielded the computed 
frequency values in good agreement with 
those observed for other molecules with 
similar structure. 

The computed skeletal frequencies of n-
propyl chloride are shown in Table I. Those

for the trans form are close to the frequen-
cies observed in the solid state. Accordingly 
we conclude the stable configuration in the 
solid state to be the trans form, in which 
the CH3 group and the Cl atom are farthest 
apart. The fact that all the solid frequen-
cies are also observed in the liquid state 
shows that the trans form is one of the 
stable configurations in this state. The other 
stable configuration can be considered to be 
the gauche form, since the Raman lines 
observed only in the liquid state have 
frequencies close to those calculated for the 

gauche form. 
In order to confirm this conclusion, we 

have calculated the dependence of the skele-
tal deformation frequency on the azimuthal
angle θ of internal rotation, because this

frequency is very sensitive to the change of 

this angler) and accordingly we can determine 

fairly accurately the azimuthal angle from 

the observed frequency value. The result of 

this calculation is shown in Fig. 2, from

Fig. 2. Dependence of skeletal deforma-

 tion frequencies on azimuthal angle.

which we see that the observed frequencies

are close to those calculated for the traps

(θ=180°)and the gauche(θ=60°)forms, res-

pectively.

The conclusion was also checked by the 

product rule derived in our previous paperG). 
If we denote the kinetic energy matrices 
for the trans and gauche forms by Gt and 
G9, respectively, we have

(1)

where vt and v9 are the normal frequencies 

of the trans and the gauche molecules. The 

ratio on the left-hand side of this equation
has been calculated as the function of d as

shown in Fig.3, putting B of the traps form

as 1800. The experimental value H〃g/Ilyr is

close to that calculated for the gauche form

(8=60°).

5) S. Mizushima, Y. Morino and T. Shimanouchi, J. 
Phys. Chem., 56, 324 (1952). 

6) S. Mizushima, T. Shimanouchi, I. Nakagawa and
A. Miyake, J. Chem. Phys., 21, 215 (1953).
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Fig.3. The calculated values of (|Gθ|/|

G180°| 1/2 and the observed value of

IIv9/IIvt.

In addition to the confirmations made by 
these calculations we have an experimental 
evidence in support of the assignment of 
lines made above. n-Propyl chloride has a 
chain structure similar to that of ethylene 
chlorhydrin so that the skeletal frequencies 
of these two molecules will not be very dif-
ferent from each other. Actually these two 
substances show similar low frequency lines 
in the liquid and the gaseous states . How-
ever, there is a great difference . between the 
spectra of these two substances in the solid 
state. Namely, the lines 292, 426, 651 cm .-1 
of liquid n-propyl chloride disappear on 
solidification, whereas the corresponding lines 
of ethylene chlorhydrin persist in the solid 
state. From this we can conclude that the 
configuration of n-propyl chloride in the solid 
state must be different from that of the 
crystalline ethylene chlorhydrin. Now that 
our previous measurement7) has shown the 

gauche form to be present in the crystalline 
state of ethylene chlorhydrin, we can conclude 
that the molecule of n-propyl chloride in the 
solid state is the trans form in conformity 
with the conclusion drawn from the normal 
vibration calculation.

Energy Difference between the 

Rotational Isomers 

The energy difference between the rota-
tional isomers has been determined by the 
measurement of the ratio of optical densities 
D of the two infrared absorption bands, one 
assigned to the trans form and the other to 
the gauche form :

where ⊿S=Sg-Stand⊿E=Eg-Et denote the

differences in entropy and energy, k the mole-

cular absorption coefficient and suffices I and 
g refer to the trans and gauche molecules, 
respectively. In a narrow range of tempera-
ture ⊿S and ⊿E can be considered to be

constant and accordingly the value of dE can

be determined by measuring the temperature 
dependence of the ratio Dt/D9 of the two 
bands. As these bands we have chosen one 
at 793 cm.-1 or 660 cm.-1 assigned to the 
gauche form and the other at 743 cm.-1 as-
signed to the Iran form.* From the meas-
urement in the gaseous state made in the
temperature range from 20℃ to 150℃, the

energy difference has been obtained as:

For the measurement in the liquid state

in the temperature range from 10°to-60℃ .

we have chosen two bands at 789 cm.-1 
(gauche) and at 729 cm.-1 (trans). The energy 
difference has been found to be

This is in agreement with the value obtained 
by Goubeau and Pajenkamp from their Raman 
measurement3), provided that the assignment 
of lines is made as referred to above. 

It is to be noted that the energy difference 
found in the gaseous state is nearly equal 
to that in the liquid state. This is compa-
tible with our explanation of the interaction 
of molecules in the liquid state8). It is seen 
that the trans and the gauche forms of n-
propyl chloride will have almost the same 
value of the dipole moment which will result 
in the same change of energy in the liquid 
state. In other words, the energy difference 
between the trans and gauche molecules will 
have almost the same value in the liquid 
state as in the gaseous state. 

The intensity measurement made for n-
propyl bromide by use of two bands at 780 
cm.-1 (gauche) and 658 cm.-1 (trans) in the
temperature range from 20°to 150℃ gave the

value of enery difference-0.1ｱ0.2 kcal./mol.

in the gaseous state. 
In our previous papers4,5,7 we have dis-

cussed the energy difference between the 

trans and Gauche forms of many disubstituted

ethanes. The very small value of ⊿E

7) S. Mizushima, T. Shimanouchi, T . Miyazawa, K. At 
and M. Yasumi, J. Chem. Phys., 19 , 1477 (1951).

* We are sure that no trans band (strong enough to 

disturb the energy difference measurement) overlaps the 
793 and 660 cm.-1 gauche bands, because these two
hands disappear in the solid state. Nor is the 743 cm.-' 
trans band considered to be overlapped by any gauche 
band, because the only gauche frequency expected to 
appear in this range is the CHa-rocking frequency 
assigned to the 793 cm.- band. This assignment is 
made from comparisons with the spectra of n-propyl 
bromide, dichloroethane, etc. See I. Nakagawa and S. 
Mizushima, J. Chem. Phys., 21, 2195 (1953). 

8) I. Watanabe, S. Mizushima and Y. Mashiko, Sci. 
Pap. Inst. Phys. Chem. Res. Tokyo, 40, 425 (1943). 
See also reference 4).



334 [Vol. 28, No. 5

obtatined for n-propyl chloride and bromide 

is very interesting as compared with the 

large. values found in the cases of 1,2-dichloro

and 1,2-dibromoethane. This fact provides 

us data useful for the further development 

of our view5) concerning the nature of the 

hindering potential to internal rotations**

Summary 

Infrared spectra of n-propyl chloride and

bromide have been measured in the gaseous, 
liquid and solid states. The Raman measure-
ment was also made in the liquid state. 
From the normal vibration calculation and 
by comparison with the spectra of ethylene 
chlorhydrin it has been concluded that in the 
liquid state both the trans and gauche forms 
are present and of these only the trans form 

persists in the solid state. The energy dif-
ference between the trans and the gauche 
forms has been determined by the absorption 
intensity measurement.

Chemical Laboratory, Faculty of 
Science, Tokyo University, 

Tokyo

** After our manuscript was finished , a paper by J. K. 
Brown and N. Sheppard, Trans, Faraday. Soc., 50, 1164 
(1954), became available to us. They reported a detailed 
infrared measurement of n-propyl halides in the solid state, 
the result of which supports our assignment of the bands 
used for the determination - of the energy difference. 
Other conclusions reported in this paper are also in good 
agreement with ours.


